Perfluoroalkyl substances (PFASs) are synthetic chemicals that persist in the environment and in humans. There is a possible association between prenatal PFASs exposure and both neonate adipokines and birth size, yet epidemiological studies are very limited. The objective of this study was to examine associations of prenatal exposure to PFASs with cord blood adipokines and birth size. We conducted birth cohort study, the Hokkaido Study. In this study, 168 mother-child pairs were included. Perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) in maternal blood were determined by liquid chromatography tandem mass spectrometry. Cord blood adiponectin and leptin levels were measured by ELISA and RIA, respectively. Birth weight and ponderal index (PI) were obtained from birth record. The median maternal PFOS and PFOA were 5.1 and 1.4 ng/ mL, respectively. The median total adiponectin and leptin levels were 19.4 μg/mL and 6.2 ng/mL, respectively. Adjusted linear regression analyses found that PFOS level was positively associated with total adiponectin levels (β=0.12, 95% CI:0.01, 0.22), contrary was negatively associated with PI (β=−2.25, 95% CI: −4.01, −0.50). PFOA level was negatively associated with birth weight (β=−197, 95% CI: −391, −3). Leptin levels were not associated with PFASs levels. PFOS and adiponectin levels showed marginal dose-response relationship and both PFOS and PFOA and birth size showed significant dose-response relationships. Results from this study suggested that prenatal PFASs exposure may alter cord blood adiponectin levels and may decrease birth size.
Introduction
Perfluoroalkyl substances (PFASs) are widely used in the industry including textile impregnation, furnishings, non-stick housewares, and food packaging (Lau et al., 2007) and found in the environment, animals, and humans. The main exposure pathway to PFASs in human occurs orally via intake of contaminated food and water. (Fromme et al., 2009) . Even though the use of PFOS has been diminishing globally since they were included in Annex B of the Stockholm Convention on persistent organic pollutants in (UNEP, 2007 , due to their bioaccumulation and presence in older products, PFOS and PFOA are still detectable in human and environmental samples (Olsen et al., 2012; Okada et al., 2013) . Since PFASs can cross the placental barrier and can be transferred from mother to fetus (Inoue et al., 2004; Midasch et al., 2007) , studies in prenatal exposure to PFASs and its adverse health effects on fetus are warranted.
Adiponectin and leptin are hormones produced by adipocyte and have been used as biomarkers of metabolic function. The known roles of these hormones are metabolic homeostasis and regulation (Farooqi and O'Rahilly, 2014; Fiaschi et al., 2014) . Child adiponectin levels at birth and birth weight have been examined in the previous studies however, were inconsistent. Volberg et al. reported no relations (Volberg et al., 2013) , while the others reported positive association between cord blood adiponectin levels with birth weight (Mantzoros et al., 2009 ) and the association between lower adiponectin and small for gestational age (SGA) and preterm birth (Palcevska-Kocevska et al., 2012; Yeung et al., 2015) . A progressively significant negative association between adiponectin and BMI at 2, 5, and 9 years of age has been reported (Volberg et al., 2013) . In adults, low adiponectin levels are the implication of obesity, metabolic syndrome and type 2 diabetes (DM2) (Mather and Goldberg, 2014) . Studies have suggested that both too high and too low leptin in fetus result in non-optimal fetal growth phenotypes that subsequently increase long term obesity risk (Ornoy, 2011) . High cord blood leptin levels have been known to positively associated with birth weight (Karakosta et al., 2011) , while low cord blood leptin levels have been associated with SGA (Ren and Shen, 2010) .
Importance of investigating adipokine levels at birth have been suggested from the studies that found cord blood leptin levels may modify child growth trajectory (Parker et al., 2011; Kaar et al., 2014; Karakosta et al., 2016) . There have been reported that cord blood adiponectin levels were negatively correlated with body weight at one year, weight gain after one year and with BMI at one year (Mazaki-Tovi et al., 2011) and that cord serum adiponectin levels were significant predictors of BMI Z-score gain from birth to 3 years of age (Nakano et al., 2012) . Thus alternation of cord blood adiponectin levels may cause adverse effects on early childhood growth.
Previous epidemiological studies including our group have found that reduction of birth weight in association with prenatal exposure to PFASs (Olsen et al., 2009; Washino et al., 2009; Verner et al., 2015) . In addition to birth weight, our group has reported that prenatal exposure to PFASs could results in disrupting various hormones balance including reproductive, thyroid and steroid hormone of neonates. PFOS were inversely associated with testosterone/estradiol, progesterone (P4) and inhibin B among boys and with P4 and prolactin among girls . PFOS, but not PFOA were inversely correlated with maternal TSH and positively associated with infant serum TSH (Kato et al., 2016) . Similarly, PFOS, but not PFOA was negatively associated with glucocorticoids in cord blood (Goudarzi et al., 2017) .
Animal studies have suggested that developmental exposure to PFOS may contribute to lipid metabolic disorder in adulthood in rats (Lv et al., 2013) . There was only one study in human that found inverse association between PFOS exposure and polyunsaturated fatty acid levels in pregnant women (Kishi et al., 2015) . Developmental exposure to lower levels of PFOA induced elevated serum leptin and overweight in mid-life in female mice through increasing of fatty acid metabolism by activation of proliferator-activated receptors (PPAR)-alpha (Hines et al., 2009 ). However, findings from animal data may not be applicable to humans. To our knowledge, there has been only a few prospective cohort studies that examined associations between early life exposure to PFASs and metabolic function such as adipokine levels (Halldorsson et al., 2012; Fleisch et al., 2016; Ashley-Martin et al., 2017) . One study found no evidence of an adverse effect of PFASs exposure on metabolic function in mid-childhood (Fleisch et al., 2016) and contrary, the other study suggested that prenatal PFOA exposure significantly associated with leptin and adiponectin levels in female at age of 20 years (Halldorsson et al., 2012) . These studies only investigated postnatal adipokine levels at childhood and early adulthood, but not examined adipokine levels at birth. The recent study in Canada (MIREC Study) is the only one to examine associations between maternal PFAS concentrations and birth weight and cord blood concentrations of leptin and adiponectin (Ashley-Martin et al., 2017) , which found null associations.
The fetal time period is critical window of adipocyte development and thus, exposures to PFASs during fetal period may change postnatal growth trajectory and increase the risk of obesity and metabolic disorders later in life (Grün and Blumberg, 2009; Hatch et al., 2010) . Though prenatal exposure to PFASs and birth outcomes such as birth size have been studied, adipokines at birth, the metabolic related biomarkers have not been well investigated and understood.
The objectives of this study was to examine the association between prenatal exposure to PFASs and neonatal adipokines including adiponectin and leptin levels in cord blood along with birth size.
Materials and methods

Study population and questionnaire
This prospective birth cohort study was based on the Sapporo Cohort, the Hokkaido Study on Environment and Children's Health (Kishi et al., 2011 (Kishi et al., , 2013 . The Sapporo Cohort is an ongoing cohort study that began in 2002. Briefly, pregnant women at 23-35 weeks of gestation were recruited between July 2002 and October 2005 from the Sapporo Toho Hospital in Hokkaido, Japan. 514 women agreed to participate in the cohort study. All participants were residents in Sapporo City or surrounding areas.
The participants completed the self-administered questionnaire including baseline information such as their dietary habits, exposure to chemical compounds in their daily life, smoking history, alcohol consumption, caffeine intake, family income, educational levels of themselves and partners. Maternal anthropometric measurement data and medical history were obtained from medical record and birth weight and length were collected from birth records. We used the following criteria to include the participants into the analyses; singleton baby born at term (37-42 weeks of gestation). Participants with no PFASs measurement (n=22) or those with blood collected after delivery (n=124) were excluded since PFOS and PFOA concentrations were significantly lower in post-delivery blood samples Itoh et al., 2016) . Finally, 168 mother-child pairs who had both PFASs and adipokine measurements were included into the statistical analyses ( Fig. 1 ). This study was conducted in accordance with the Declaration of Helsinki, and the protocol used in this study was M. Minatoya et al. Environmental Research 156 (2017) 175-182 approved by the Institutional ethical board for epidemiological studies at the Hokkaido University Graduate School of Medicine and Hokkaido University Center for Environment and Health Sciences. This study was conducted with the informed consent of all participants in written forms.
Maternal serum PFASs measurements
PFOS and PFOA concentrations in maternal serum were measured by liquid chromatography-tandem mass spectrometry (LC/MS/MS). Detailed methods for the PFOS and PFOA measurements can be found in our previous reports (Nakata et al., 2009; Kishi et al., 2015) . The limit of detection (LOD) of PFOS and PFOA was 0.50 ng/mL. PFOS was detected in all samples, and for samples with PFOA below LOD, we used a value of half the LOD (0.25 ng/mL). Nine samples were below LOD for PFOA measurement.
Cord blood adipokine measurements
Total and high molecular weight (HMW) adiponectin and leptin levels in cord blood were measured. Adiponectin levels were determined by Enzyme Linked ImmunoSorbent Assay (ELISA) using Human Adiponectin Assay kit from Sekisui Medical Co. Ltd (Tokyo, Japan). Leptin levels were determined by Radioimmunoassay (RIA) using Human Leptin RIA kit from Linco Research Inc. (St. Charles, MO, USA). All the analyses were conducted at LSI Medience (Tokyo, Japan) according to the operation manual. The LODs of adiponectin was 0.39 μg/mL and of leptin was 0.5 ng/mL. All samples were in the range of detection. Intra-and inter-assay CVs for total adiponectin were 7.6-9.1% and 7.8-10.1%, for HMW adiponectin were 6.0-9.2% and 6.8-11.6% and for leptin were 2.8-5.3% and 6.3-8.1%, respectively.
Statistical analyses
PFOS and PFOA levels in relation to maternal and infant characteristics were examined by Spearman's correlation test and Mann-Whitney U test or Kruskal-Wallis test. Similarly, cord blood adipokine levels in relation to maternal and infant characteristics were examined by Spearman's correlation test and Mann-Whitney U test or KruskalWallis test. Associations of maternal PFOS and PFOA levels with cord blood adipokines and birth size were analyzed by multiple linear regression analyses. Maternal PFOS and PFOA levels did not distribute normally, thus these levels were log 10 transformed for linear regression analyses. Total and HMW adiponectin, leptin levels were also log 10 transformed. PI which was calculated as follows; PI (kg/m 3 ) = Birth weight (kg) /(Birth length (m)) 3 . To assess dose-response relationships, PFAS levels were categorized into tertiles and the least square means (LSMs) and lower and upper 95% CI were calculated. P for trend was obtained from dose-response analysis.
Potential confounding variables were considered based on the previous literatures Kato et al., 2016; Goudarzi et al., 2017) . Medical record and questionnaires were used for obtaining data. The final linear regression model was adjusted for maternal body mass index (BMI), maternal smoking status during pregnancy, parity, maternal blood sampling period (gestational weeks in categories, 23-31, 32-34 and 35-41), infant sex, and gestational age (days).
All the analyses were conducted for boys and girls combined as well as boys and girls separately. Results were considered significant at p < 0.05. All analyses were conducted using SPSS Version 22.0 J (Chicago, IL, USA). Additionally, mediation analysis was performed by SPSS PROCESS, a macro implemented in SPSS (Hayes, 2013) to examine indirect effect of prenatal exposure to PFASs on birth size through cord blood adipokines. The indirect effect and the biascorrected and accelerated confidence intervals of the indirect effect were determined by bootstrapping with 5000 iterations. The effect size was determined by using percent mediation (P M ) method (Preacher and Hayes, 2008) .
Results
The characteristics of both mothers and infants is shown in Table 1 . Among 168 participants included in this study, the median concentrations of maternal PFOS and PFOA were 5.1 ng/mL (interquartile range [IQR]:3.7-6.7 ng/mL) and 1.4 ng/mL (IQR: 0.9-2.2 ng/mL), respectively. PFOS and PFOA levels were modestly correlated (Spearman's rho=0.287). Table 2 shows maternal PFOS and PFOA levels in relation to characteristics of mothers and infants. PFOS and PFOA levels were significantly higher among primiparous women. PFOS and PFOA levels were significantly lower among smokers. Caffeine intake during pregnancy was negatively correlated with PFOA levels. PFOS and PFOA levels were negatively correlated with blood sampling period (gestational weeks). The mean PFOA level was higher among boys compared to girls. PFOS level was negatively correlated with PI and PFOA level was negatively correlated with both birth weight and PI.
Concentrations of cord blood adiponectin and leptin are shown in Table 3 . The detection rate of both adiponectin and leptin was 100%. Table 4 shows cord blood adipokine levels in relation to characteristics of mothers and infants. None of the maternal characteristics were significantly associated with either adiponectin or leptin levels. Adiponectin and leptin levels were significantly higher in girls than in boys. Total adiponectin level was negatively correlated with gestational age, contrary positively correlated with PI. Leptin level was positively correlated with birth weight, length and PI.
Associations of maternal PFOS and PFOA levels with cord blood adiponectin and leptin levels, birth weight and PI are shown in Table 5 . PFOS level was positively associated with total adiponectin level (β=0.12; 95% confidence interval [CI]: 0.01, 0.22). Contrary, PFOS level was negatively associated with PI (β=−2.25; 95% CI: −4.01, −0.50). PFOA levels were negatively associated with birth weight (β=−197; 95% CI: −391, −3) and marginally negatively associated with PI (β=−1.32; 95% CI: −2.66, 0.02). Stratification by infant sex found that positive association between PFOS and adiponectin and negative association between PFOS and PI were more significant in (Table S1 ). PFASs and sex interaction was examined and found to be not significantly associated except PFOS and sex interaction on leptin levels (p=0.008) (Table S1 ). We also categorized PFASs levels into tertiles and examined the dose-response relationships between PFASs and cord blood adipokines ( Fig. 2 and Tables S2 and S3 ). The tertile analysis with adjustment showed that the highest tertile of PFOS was associated with 2.91 μg/mL increase in total adiponectin compared to the lowest tertile and p for trend was 0.095. Similarly, the highest tertile of PFOS was associated with 1.99 μg/mL increase in HMW adiponectin compared to the lowest tertile and p for trend was 0.072. The highest tertile of PFOS was associated with 1.16 kg/m 3 decrease in PI compared to the lowest tertile and p for trend was significant (P trend =0.003). The PFOA level was associated with decreased birth weight and PI with clear doseresponse relationships. P for trend for birth weight was 0.021 and for PI was 0.002, respectively.
Discussion
We have previously reported that decreased birth weight among girls in association with in utero exposure to PFOS with significance in this population (Washino et al., 2009) . Similarly, our previous report of both PFOS and PFOA levels and PI were inversely associated . Our results provided a new evidence of association between relatively lower levels of prenatal PFASs exposure and neonatal birth size and cord adipokines. In addition to our previous findings of inverse association between PFOS exposure and polyunsaturated fatty acids levels of mothers (Kishi et al., 2015) , this study suggested PFOS exposure may associate with disruption of fetal metabolic function. Median concentrations of maternal PFOS and PFOA in this study were 5.1 and 1.4 ng/mL, respectively, which were comparable to the recent report from Canada (PFOS: 4.6, PFOA: 1.7 ng/mL) (AshleyMartin et al., 2017), however, lower than previous reports from Korea (PFOS: 9.3, PFOA: 2.6 ng/mL) (Lee et al., 2013) ., the United States (PFOS: 8.2, PFOA: 2.9 ng/mL) (Stein et al., 2012) , Denmark (PFOS: 21.5, PFOA: 3.7 ng/mL) (Halldorsson et al., 2012) , Norway (PFOS: 13, PFOA: 2.2 ng/mL) (Starling et al., 2014) . The concentrations of both PFOS and PFOA significantly decreased as gestational age advanced, thus the models for the analysis of adipokine levels and birth size were adjusted by blood sampling period. The crude model did not reach the significance (data not shown), however, after the adjustment the association was significant.
Adiponectin and leptin levels in this study were comparable to those from Japanese study (Nakano et al., 2012) and other studies in Asian countries (Chou et al., 2011; Kim et al., 2016) . Contrary, cord blood adiponectin in our study showed lower level compared to the previous studies from North America and Europe (Brynhildsen et al., 2013; Lagiou et al., 2013; Luo et al., 2013; Ashley-Martin et al., 2017) . Similarly, compared to Canadian study, leptin level in our study was lower. (Ashley-Martin et al., 2014 . Relatively lower levels of adiponectin and leptin in our study was consistent with previously reported observations that showed differences in these adipokine levels among ethnicities (Mente et al., 2010; West et al., 2014) .
Two of the previous birth cohort studies (Halldorsson et al., 2012 ; HWM adiponectin (μg/mL) All 168 12.9 (9.9-15.6) Boy 78 11.6 (9.7-14.6) Girl 90 13.6 (10.3-16.7)
Leptin (ng/mL) All 165 6.2 (3.9-10.1) Boy 78 5.0 (3.4-6.8) Girl 87 8.2 (4.8-13.0)
Detection rate was 100% for all the adipokines.
M. Minatoya et al. Environmental Research 156 (2017) 175-182 Fleisch et al., 2016) only examined associations between maternal levels of PFASs and adipokine levels of mid-childhood and early adulthood, however, there were lacking information at birth. Besides exposure levels were relatively high in those two studies whereas our study could assess relatively lower level exposures to PFASs on metabolic related outcomes. The recent Canadian birth cohort study found overall null associations between maternal PFAS levels and cord blood adiponectin and leptin and birth weight z score (Ashley-Martin et al., 2017) . The maternal PFAS levels in their study were similar to ours and our findings partially agreed to their results. Regression coefficients in our study were also comparable to their results and both of the studies found no association between maternal PFOS and PFOA levels and cord blood leptin levels. Cross-sectional studies reported a negative association between cord blood PFOS levels and PI (Apelberg et al., 2007) and an inverse relationship between neonatal adiponectin levels and PI (Mantzoros et al., 2004) . We hypothesized that influence of prenatal PFOS exposure on PI maybe mediated by adiponectin levels. To assess that, mediation analysis was conducted (Fig. S1) . The indirect effect of PFOS exposure to PI was positive, contrary, the direct effect was negative. In this case, the overall estimated medication effects would have not been very interpretable. There might be mediation effects, however, it was difficult to identify and describe. This could be due to exposuremediator interaction. There are also possibilities that other unmeasured factors including other types of adipokines and hormones that are responsible for fetal growth can account for our result. Observed null association between maternal PFOA and cord blood adipokine levels indicated that prenatal PFOA exposure's adverse effects on birth size was not likely to occur through adiposity-related pathways.
The mechanisms behind observed association between prenatal PFOS exposures and cord blood adiponectin levels are not fully understood. Mutual adjustment to see whether PFOS and PFOA have additive effects on outcomes was performed, however, the regression coefficient did not change. The possible pathway could be interaction of PFASs with PPAR-alpha, which were involved in lipid metabolism in adipocytes (Takacs and Abbott, 2007; Hines et al., 2009 ). Yet, why only PFOS showed inverse association with adiponectin levels remain unclear. PFOA can pass placenta more efficient than PFOS (Gutzkow et al., 2012) may explain our observed association between PFOA and reduced birth weight and PI.
Accumulating evidences from epidemiological studies indicated that reduced birth size was a risk factor for a range of metabolic problems including high adult BMI, insulin resistance, increased visceral adiposity, and impaired glucose tolerance (Calkins and Devaskar, 2011) . Thus our finding of reduced birth size in association with prenatal exposure to PFASs may also be responsible for adverse metabolic outcomes in later life. Continuous follow-up of cohort participants is required to determine whether altered adipokine levels at birth persist and reduced birth size relates to metabolic dysfunction.
The limitations of this study should be considered. The participants included into the statistical analyses were limited to those who with available prenatal PFASs exposure and cord blood adipokines measurements (n=168), which may have led to potential selection bias. We should note that cord blood samples for adipokine measurements were available only from those who had vaginal delivery. Compared to the whole population, participants included in this study showed higher prevalence of primipara, higher rate of smoking during pregnancy, Both PFASs levels and adipokine levels were log 10 transformed. Adjusted for maternal BMI, parity, smoking during pregnancy, blood sampling period, gestational age and infant sex.
lower family income (< 5million yen/year) and longer gestational age (Table S4 ). However, maternal age, pre-pregnancy BMI, alcohol intake during pregnancy and maternal education of participants in this study are similar to those in the whole population. In the statistical analysis, variables differed between this study population and the whole population were adjusted, thus potential influence of these variables were considered to be null. Although the number of participants were limited, we included only those who had blood samples during pregnancy for PFASs exposure measurements, which enabled accurate reflection of prenatal exposures. There might be a possibility of the influence of unmeasured co-exposures and confounders. Recently, our group has reported that maternal MEHP levels were associated with alternation of adiponectin and leptin levels in cord blood in sex-specific manner (Minatoya et al., 2017) . Cord blood adipokine levels can be investigated in association with these environmental chemical exposures in our future work. As a strength of prospective birth cohort study, we have longitudinal follow-up data including childhood anthropometric measurements and metabolic related health outcomes at different ages. The follow-up data together with exposure assessment and cord blood adipokines and birth size can be used for further investigation of associations between prenatal exposures and metabolic related outcomes in later life.
Conclusion
Our findings provided some evidences of possible adverse effects of prenatal exposure to PFASs on metabolic function at birth and birth size. PFOS and adiponectin levels showed marginal dose-response relationship and both PFOS and PFOA and birth size showed significant dose-response relationships. Further investigation is required to determine whether prenatal exposure to PFASs continue to associate with growth and metabolic related outcomes such as obesity and DM2 in later life. Additionally, potential sex-specific influence of exposure to PFASs on metabolic related outcomes should be further investigated for better understanding of mechanism behind observed findings. Future follow-up study in the Hokkaido Study will enable to explore associations between prenatal exposures and childhood growth. Fig. 2 . The dose-response relationships of PFOS (A) and PFOA (B) tertiles with adipokine levels and birth size. The LSMs were adjusted for maternal BMI, parity, smoking during pregnancy, blood sampling period, gestational age and infant sex. PFOS; T1:1.5-4.0 ng/mL, T2: 4.1-6.2 ng/mL, T3: 6.3-14.7 ng/mL. PFOA; T1: < LOD-1.10 ng/mL, T2: 1.20-1.80 bg/ mL, T3: 1.90-5.30 ng/mL. The error bars show the lower and upper 95% confidence intervals. LSM: least square mean, LOD: limit of detection.
Funding
This work was supported by Grant-in Aid from the Japanese Ministry of Health, Labour and Welfare (H20-Kenki Ippan-009), and JSPS KAKENHI Grant Number JP25253050.
